We present theoretical optimization of the design of a quantum well (QW) heterostructure based on AlGaN alloys, aimed at achievement of the maximum possible internal quantum efficiency of emission in the mid-ultraviolet spectral range below 300 nm at room temperature. A sample with optimized parameters was fabricated by plasma-assisted molecular beam epitaxy using the submonolayer digital alloying technique for QW formation. High-angle annular dark-field scanning transmission electron microscopy confirmed strong compositional disordering of the thus-fabricated QW, which presumably facilitates lateral localization of charge carriers in the QW plane. Stress evolution in the heterostructure was monitored in real time during growth using a multibeam optical stress sensor intended for measurements of substrate curvature. Time-resolved photoluminescence spectroscopy confirmed that radiative recombination in the fabricated sample dominated in the whole temperature range up to 300 K. This leads to record weak temperature-induced quenching of the QW emission intensity, which at 300 K does not exceed 20% of the low-temperature value.
INTRODUCTION
AlGaN-based quantum well (QW) heterostructures are of great importance for manufacturing high-efficiency emitters for the mid-ultraviolet (mid-UV) spectral range (k < 300 nm). This is an essential segment for photonics, where low-efficiency, bulky, and toxic Hg-containing vacuum bulbs are still mainly used for numerous ecological, medical, and military/security applications. 1 Application of AlGaN QWs is, however, hampered by the lack of commercially available latticematched substrates. As a result, such structures suffer from enhanced density of threading dislocations (more than 10 9 cm À2 for growth on c-sapphire), and in spite of the high internal quantum efficiency of emission at low temperatures, achievement of reasonably high efficiency at 300 K relies on realization of an efficient localization potential to prevent charge carrier transport to nonradiative recombination centers. [2] [3] [4] This localization implies both strong confinement by the one-dimensional QW potential, preventing vertical transport of carriers along the growth axis, and a random localization potential in lateral dimensions, which hampers their migration in the plane of the QW. Enhancement of the vertical confinement essentially depends on the proper choice of the basic QW parameters, such as the width and composition of the well and barrier layers, whereas the random in-plane potential originates mainly from well-barrier interface roughness and alloy disorder. It benefits from use of narrower wells and implementation of specific technological regimes promoting emergence of enhanced compositional modulation.
The physics of III-nitride QWs with wurtzite structure differs from the physics of longer and better studied zincblende QWs in two main aspects: First, the confining potential of wurtzite QWs always deviates from the rectangular one due to the built-in electric field induced by spontaneous and piezoelectric polarizations. 8, 9 Therefore, the activation energy required for thermal excitation of confined charge carriers into the QW barriers is a complicated function of the composition and thickness of all the constituent layers of the heterostructure, as well as their elastic strain. Second, the calculation of the valence-band structure of a wurtzite semiconductor is complicated by the necessity to take into account closely spaced heavy-hole, light-hole, and crystal-field split-off bands simultaneously. [10] [11] [12] This is especially important for Al x Ga 1Àx N alloys with x > 0.5, emitting in the mid-UV spectral range, since only these compounds grown coherently on AlN buffers or substrates exhibit inversion of valence-band ordering. 13, 14 Along with the complexity of state-of-the-art growth technology for wurtzite heterostructures, these two issues hinder systematic optimization of mid-UV-emitting QW structures, which to the best of our knowledge has not been reported to date.
We present herein optimization of the design of an Al x Ga 1Àx N/Al y Ga 1Ày N QW heterostructure emitting mid-UV light with transverse electric (TE) polarization, aiming at achievement of the maximum possible internal quantum efficiency at 300 K. The performed band and excitonic calculations allow us to define the optimum width and composition for the QW, whereas careful development of growth of such structures using molecular beam epitaxy (MBE) led to fabrication of strongly disordered ''digital'' QWs. As a result, we present a QW heterostructure emitting below 300 nm whose photoexcited carrier lifetime is defined by radiative recombination throughout the whole temperature range between 5 K and 300 K and whose internal quantum efficiency is only weakly temperature dependent.
THEORETICAL OPTIMIZATION AND STRUCTURE DESIGN
The lineups of the Al x Ga 1Àx N/Al y Ga 1Ày N QW and involved effective masses of charge carriers were defined within a six-band k Á p model, 10 taking into account elastic strain induced by pseudomorphic growth on an AlN buffer. All low-temperature material parameters involved were taken from Ref. 15 , except for the GaN and AlN deformation potentials, which were taken from Refs. 16 and 17. Growth on an AlN buffer has the benefit of introducing the largest possible strain in both the Al x Ga 1Àx N QW and Al y Ga 1Ày N barriers. As a result, the topmost valence band in the Al x Ga 1Àx N alloy is the heavy-hole band up to the limiting Al content of x % 0.6, allowing efficient TE-polarized emission from surface-emitting devices down to wavelength of $240 nm.
14 For x > 0.6, the topmost valence band is the crystal-field split-off band and the respective interband transition is transverse magnetic (TM) polarized. The QW potential profile was approximated using the model of a homogeneous electric field, taking into account both piezo-and spontaneous polarizations. Single-particle envelope wavefunctions and eigenfrequencies were obtained by using a transfer-matrix method, whereas QW excitonic parameters were calculated variationally using a two-parameter probe function. 18, 19 To avoid cumbersome multiband excitonic calculations, we employed one-band envelope functions in the variational procedure, neglecting mixing in the ground QW exciton of hole states from various valence bands. This choice is justified by the fact that, in the considered QWs with TE-polarized emission, the ground excitonic state involves heavy holes, which do not couple at k t = 0 with either the light-hole or crystal-field split-off bands. 11, 20 An important parameter that affects the internal quantum efficiency is the activation energy required for thermal excitation of photoexcited carriers from the QW to the barriers. For the most attractive accessible wavelengths for TE-polarized emission between 300 nm and 240 nm, the Al mole fraction in the barriers should be above the band-crossing point (y > 0.6), whereas the Al mole fraction in the QW should be below it (x < 0.6). Therefore, the hole activation energy is defined as the gap between the ground heavy-hole QW energy level and the top of the split-off valence band in the lowest hole barrier of the asymmetric QW. The electron activation energy is defined as the gap between the ground electron QW energy level and the bottom of the conduction band in the opposite barrier layer. Figure 1 shows the activation energies calculated for electrons (Fig. 1a) and heavy holes (Fig. 1b) as functions of the QW width for several selected combinations of QW and barrier alloy compositions: x = 0.4 and y = 0.6, 0.8, and 1.0. The activation energies naturally increase with both y and the QW width. However, the dependence on the QW width rapidly saturates at approximately 7 Å to 9 Å for heavy holes and approximately 12 Å to 15 Å for electrons. These values correspond to sinking of the energy levels in a triangular part of the QW profile so that the activation energies in the thicker QWs are determined by the value of the intrinsic electric field rather than by the QW width. Increasing the QW width above these values is useless, since it does not extend the activation energies but decreases both the radiative recombination rate and exciton binding energy.
The respective exciton resonance wavelength and exciton binding energy are plotted in Fig. 2a and b versus the QW width. Near the threshold values of the QW width (12 Å to 15 Å ), the exciton position is practically independent of the barrier composition, being defined only by the Al content in the QW. This behavior simply originates from the fact that the confinement energies increase with the barrier height in the rectangular QW, whereas in the triangular QW the quantum confined Stark effect decreases the transition energy progressively with increase of the Al content in the barriers, following enhancement of the intrinsic electric field induced mainly by the difference in the spontaneous polarizations of the QW and barriers. One can see in Fig. 2b that the exciton binding energy near the threshold width is large enough (more than 40 meV), provided the Al content in the barriers is sufficiently large (y > 0.6). Strong Coulomb attraction between the electron and hole facilitates thermal activation of an exciton as a whole rather than separate excitation of unipolar electrons and holes. Under these conditions, the exciton activation energy can be estimated as the sum of the electron and hole activation energies, as previously shown for narrow GaN/AlGaN QWs. 21 Figure 3 summarizes the exciton activation energies (Fig. 3a) and exciton resonance wavelengths (Fig. 3b) for the chosen QW width of 14 Å and extended ranges of QW and barrier compositions. Horizontal dashed lines indicate target values of exciton activation energy and resonance wavelength. For the activation energy, we adopt a target value of 0.3 eV. When substituted into the conventional expression for the thermally activated photoluminescence (PL) intensity with the preexponential factor taken from Ref. 21 , this value leads to radiative efficiency above 80% at 300 K. The target value for the low-temperature exciton resonance wavelength is 270 nm. Bearing in mind a Stokes shift between the absorption and emission lines as well as a temperature-induced red-shift, this value should result in a room-temperature emission line just below 300 nm. One can see in Fig. 3 that, for the chosen QW width, these values can be achieved for x > 0.4 and y > 0.7. Minimizing the Al content in the barriers and pursuing the TE emission polarization, we fixed the following set of QW parameters: x = 0.4, y = 0.7, and QW width of 14 Å . Toropov, Shevchenko, Shubina, Jmerik, Nechaev, Evropeytsev, Kaibyshev, Pozina, Rouvimov, and Ivanov
SAMPLE GROWTH AND EXPERIMENTAL PROCEDURES
A structure with a single 14-Å -thick Al 0.4 Ga 0.6 N/ Al 0.7 Ga 0.3 N QW was grown by plasma-assisted molecular beam epitaxy on a c-sapphire substrate using a 2-lm-thick AlN buffer with thin GaN insertions as a dislocation filter. The typical density of threading dislocations in thus-grown structures was previously estimated as $10 9 cm À2 . [22] [23] [24] The active region of the structure was grown pseudomorphically under metal-rich conditions. It consisted of a 32-nm-thick Al 0.7 Ga 0.3 N barrier, a 1.5-nm-thick Al 0.4 Ga 0.7 N QW, a 65-nm-thick Al 0.7 fi 1 Ga 0.3 fi 0 N graded barrier layer, and 10-nm-thick AlN capping. During the growth of the barrier layers, the substrate was rotated sufficiently fast (one rotation per 3 s) to ensure formation of homogeneous alloy without pronounced spontaneous compositional modulation. 25 The QW was formed by the submonolayer digital alloying (SDA) technique 22, 26 as a superlattice of 10 9 GaN/Al 0.7 Ga 0.3 N, with growth of GaN layers achieved by briefly shutting off the Al source. Nominal thicknesses of the constituent GaN and Al y Ga 1Ày N layers were selected in such a way that the average QW thickness and composition matched the intended parameter values. The QW growth was performed with a reduced rate of substrate rotation (1 rotation per 7 s). It was previously shown that the SDA technique results in strong compositional modulation inside the QW layer, which should facilitate implementation of a localization potential preventing in-plane transport of photoexcited carriers. 27 The surface morphology was controlled in situ by means of reflection high-energy electron diffraction and after growth by high-angle annular darkfield scanning transmission electron microscopy (HAADF STEM).
The stress evolution in the heterostructure was monitored in real time during growth using an original multibeam optical stress sensor (MOSS) intended for standard measurements of substrate curvature (k), which is related to film stress (r) through Stoney's equation
, where h f(s) is the film (substrate) thickness and M s is the substrate biaxial modulus (602 GPa for c-Al 2 O 3 ). A relatively high measurement frequency (up to 5 Hz) was used in our experiments to improve the temporal resolution of the MOSS technique.
Photoluminescence (PL) spectra were measured using the third harmonic of a titanium-doped sapphire laser ($255 nm) generating 150-fs-long pulses with frequency of 76 MHz. This wavelength corresponds to a photon energy below the bandgap of the Al 0.7 Ga 0.3 N barriers, providing direct excitation of charge carriers (or excitons) within the Al 0.4 Ga 0.6 N QW. Time-integrated PL spectra were measured using a cooled charge-coupled device (CCD) camera, whereas time-resolved PL was detected using either a Hamamatsu streak camera (ultimate resolution $15 ps) or a fast photomultiplier operating in time-correlated photon-counting mode (resolution $130 ps). The latter technique is especially useful for evaluation of relatively long PL decay times exceeding a few nanoseconds. Figure 4 shows the evolution of the stress 9 thickness parameter during growth of the barrier layer (BL), containing the single QW (SQW), above the thick AlN buffer layer. The constant slope at any point on the graph before insertion of the SQW (part BL b in Fig. 4) represents an instantaneous stress corresponding to an estimated value (dashed line) calculated using biaxial modulus values of M GaN = 478 GPa and M AlN = 510 GPa, 28 as well as the Vegard approximation for the ternary alloy. The change of sign of the stress after the SQW insertion corresponds to the transition to the growth of Al x Ga 1Àx N layer with a positive linear gradient of the Al content from x = 0.7 to 1 (part BL t in Fig. 4) . Thus, these MOSS measurement data reveal the absence of any noticeable strain relief during the growth of the Al 0.7 Ga 0.3 N barrier layer before and just after insertion of the SQW. Figure 5 shows a cross-sectional HAADF STEM image of the structure, taken close to the position of the SQW. The image reveals the distribution of the chemical composition within the AlGaN alloys, resolved on the scale of atomic layers, so that brighter contrast in the image corresponds to higher Ga content. The SQW manifests itself as enhanced Ga content, distributed inhomogeneously within a stripe having average thickness close to the intended value of 14 Å . The observed thickness/composition fluctuations are expected to result in strong potential fluctuations preventing transport of strongly localized excitons in the plane of the QW.
EXPERIMENTAL RESULTS AND DISCUSSION
The inset in Fig. 6 shows time-integrated spectra measured from the fabricated sample at 8 K and 300 K. The spectra display a single wide PL line attributed to emission of localized excitons in the SQW. The spectrum is modulated by a periodic structure attributed to light interference in the thick buffer layers. 25 Temperature increase causes a red-shift of the peak, but even at 300 K, most of the line is below 300 nm, in agreement with the target emission wavelength. Remarkably, the temperature-induced decrease in the PL intensity at 300 K does not exceed 20% of the low-temperature value, in agreement with the optimization performed for the sample design and the growth procedure. Figure 6 shows the normalized PL decay curves measured at the center of the emission line at 8 K and 300 K. At 300 K, the PL decay curve can be fit by a sum of two decaying exponents with decay time constants of $210 ps and $650 ps. Decrease of the temperature to 8 K does not modify these time constants but rather leads to the appearance of an additional weak slowly decaying component with time constant as long as 5 ns to 6 ns. These data indicate the strongly inhomogeneous nature of the PL line involving emission of excitons localized at various distances from threading dislocations and other defects. The observed temperature independence of the dominant time constants indicates a negligible role for nonradiative recombination across the whole temperature range up to 300 K.
CONCLUSIONS
Based on theoretical consideration of exciton activation and binding energies in an Al x Ga 1Àx N/ Al y Ga 1Ày N QW emitting below 300 nm, we elucidate optimal ranges of QW width and composition, leading to maximum internal quantum efficiency at 300 K. A fabricated sample with such an optimized SQW showed record weak PL quenching with temperature, as low as $20% for temperature variation between 5 K and 300 K. These data evidence efficient spatial localization of photoexcited carriers due to both vertical confinement within the QW and lateral localization in the QW plane. Vertical confinement is strongly favored by the proper choice of the optimal QW width and composition, while the efficiency of lateral localization essentially relies on the use of the SDA technique for QW growth. Thus, such optimized grown heterostructures are very promising for development of efficient mid-UV light-emitting devices. 
